So far attenuation of pathogens has been mainly obtained by chemical or heat treatment of microbial pathogens. Recently, live attenuated strains have been produced by genetic modification. We have previously demonstrated that in several prokaryotes as well as in yeasts and mammalian cells the heat shock response is controlled by the membrane physical state (MPS). We have also shown that in Salmonella enterica serovar Typhimurium LT2 (Salmonella Typhimurium) overexpression of a ⌬ 12 -desaturase gene alters the MPS, inducing a sharp impairment of transcription of major heat shock genes and failure of the pathogen to grow inside macrophage (M⌽) (A. Porta et al., J. Bacteriol. 192:1988Bacteriol. 192: -1998Bacteriol. 192: , 2010). Here, we show that overexpression of a homologous ⌬ 9 -desaturase sequence in the highly virulent G217B strain of the human fungal pathogen Histoplasma capsulatum causes loss of its ability to survive and persist within murine M⌽ along with the impairment of the heat shock response. When the attenuated strain of H. capsulatum was injected in a mouse model of infection, it did not cause disease. Further, treated mice were protected when challenged with the virulent fungal parental strain. Attenuation of virulence in M⌽ of two evolutionarily distant pathogens was obtained by genetic modification of the MPS, suggesting that this is a new method that may be used to produce attenuation or loss of virulence in both other intracellular prokaryotic and eukaryotic pathogens. This new procedure to generate attenuated forms of pathogens may be used eventually to produce a novel class of vaccines based on the genetic manipulation of a pathogen's membrane fluid state and stress response.
So far, a methodology to obtain live attenuated strains has not been generated for fungal pathogens. With respect to parasites, a live attenuated strain of Toxoplasma has been produced. However, this modified strain was used to develop a vaccine that was considered expensive, caused side effects, and had a short shelf life. Furthermore, the authors emphasized that this vaccine might revert to a pathogenic strain and, therefore, was not considered suitable for human use (17) . In Leishmania and other parasites, as yet none of the current candidate subunit vaccines has achieved complete protection reproducibly. Attempts to develop an effective vaccine to control leishmaniasis have been shown to be feasible, but no vaccine is in active clinical use (18) . The ability to create genetically modified pathogens by eliminating virulence or essential genes is considered a powerful alternative in the development of an effective protective vaccine. The current genetic procedures are based on the use of specific (virulence) genes that may cause attenuation and are species specific. In other words, a given method of attenuation may be effective in a specific organism but not in other pathogens.
We have previously shown in several prokaryotic and eukaryotic cells, including pathogens such as Salmonella (34) and in the human pathogenic fungus Histoplasma capsulatum that the normal temperature threshold of the heat shock response is regulated by the membrane physical state (MPS) (3, 4, 26, 44, 45) . We have also shown that the MPS can be modified genetically (by altering the saturated/unsaturated fatty acids ratio [SFA/UFA]) or chemically (by treating cells with membrane fluidizers such as benzyl alcohol [BA] , heptanol, or ether), which in turn causes a refined heat shock response (44) (45) (46) . The possibility to manipulate the MPS genetically allowed us to investigate the effect of reduced levels of heat shock proteins (HSPs) on the virulence of a fungal pathogen at the onset of infection in murine macrophage (M⌽) and in a mouse model of infection.
One of the main functions of HSPs is to refold or protect the folding of proteins under physiological or stress (heat shock) conditions (14, 19) . It has been shown that intracellular pathogens, such as Salmonella enterica serovar Typhimurium, Mycobacterium tuberculosis, H. capsulatum, and protozoan parasites, e.g., at the onset of infection of M⌽ and/or of other cells stimulate the transcriptional activation of two sets of genes: virulence genes (species specific) and genes involved in the stress response (highly conserved) (1, 13) . Virulence genes, induced during host invasion/adaptation, operate in a coordinate fashion and allow pathogens to invade, replicate, and induce disease in the host. Simultaneously, heat shock genes are induced, and their protein products (HSPs) are responsible for the adaptation to the higher temperature (allowing the folding of the pathogen's proteins) and to the hostile conditions present in host cells such as M⌽. In addition, upon host invasion, HSP70 of eukaryotic pathogens and bacterial GroEL (HSP60) are upregulated and become the major antigens, constituting up to 15% of the cell's dry weight (7) . These coordinated and generalized genetic responses allow intracellular pathogens to avoid the mechanisms of defense and cell immune response and eventually allow them to induce a disease.
Here, we show that a genetically or chemically modified virulent strain of H. capsulatum unable to induce normal amounts of HSPs lost the ability to survive in murine M⌽, and the attenuated strain did not cause disease in a mouse model of infection. Further, the modified H. capsulatum strain injected in mice induced protection when mice were challenged with the normal virulent strain. These data suggest that this methodology may represent a new procedure to obtain attenuated strains that may be considered to produce a novel class of human and animal vaccines.
MATERIALS AND METHODS
Strains, media, plasmids, and growth conditions. Escherichia coli TOP10FЈ (Invitrogen) cells were routinely cultured on LB agar or LB broth supplemented with 100 g/l ampicillin (Amp 100 ; Sigma-Aldrich) at 30°and 37°C. The temperature-susceptible avirulent Downs (ATCC 38904; American Type Culture Collection, Rockville, MD) and the temperature-tolerant virulent G217B (ATCC 26034) strains of H. capsulatum were grown in Histoplasma macrophage medium (HMM) broth or on HMM agarose plates supplemented with 5 mg/ml bovine serum albumin. H. capsulatum strain G217B ura5-23 (a kind gift of W. Goldman, Washington University, St. Louis, MO) (49) was grown in HMM broth supplemented with 0.2 mg/ml uracil (Sigma-Aldrich, St. Louis, MO). H. capsulatum was grown as yeast cells at 34°or 37°C in liquid cultures with gyratory shaking and transferred every 3 days at a 1:25 dilution. Plates were grown at 37°C in a humidified incubator.
DNA manipulation. Genomic DNA extraction, DNA electrophoresis, plasmid isolation, restriction enzymes analysis, and PCR amplification were performed according to standard procedures (36) .
Plasmid construction. The XbaI-NcoI fragment of the Ole1 promoter of H. capsulatum Downs strain was cloned in Litmus 29 cloning vector to generate pLD plasmid. Total RNA of G217B strain was used for reverse transcriptase (RT) PCR amplification of Ole1 cDNA. A specific 3Ј end primer containing an NheI site and an XhoI site at the 5Ј end (cDNAF, 5Ј-CTCGAGCTAGCCGTT ATTACATAGAACATC-3Ј) was used to reverse transcribe 2 g of total RNA, using a SuperScript Preamplification System (Gibco-BRL). The first cDNA strand was then amplified by PCR using both the 3Ј end primer, used for the RT reaction, and a specific 5Ј end primer (cDNAR, 5Ј-CCATGGCTTTAAACGA AGCC-3Ј). The cDNAR primer contained an NcoI restriction site that overlaps the ATG start codon of H. capsulatum Ole1 cDNA. The amplified product was gel purified with a Geneclean II Kit (Bio 101 Inc.) after 30 cycles consisting of 45 s at 94°C, 60 s at 53°C, and 120 s at 72°C. It was then subcloned into TA vector (Invitrogen) to generate plasmid pTOleH. The amplified fragment was sequenced to ensure that no misincorporation had occurred during amplification. Subsequently, pTOleH was digested with NcoI-XhoI to release an Ole1 cDNA fragment that subsequently was ligated into NcoI/XhoI-digested pLD to generate the pDH plasmid. Plasmid pWU55 (50) containing the Podospora anserina URA5 gene and a cassette with telomeres separated by a kanamycin resistance gene was digested with NheI in which the XbaI-NheI fragment derived from the pDH plasmid was cloned, generating pD3 plasmid. The pD3 plasmid contained the Ole1 cDNA of the G217B strain under the transcriptional control of the upregulated Ole1 promoter of H. capsulatum Downs strain (9) .
Electrotransformation of H. capsulatum. Plasmid pD3 was linearized with PacI and used to transform the G217B ura5-23 strain as previously described (50) . Insertion of pD3 into the Histoplasma genome was checked by enzymatic restrictions and Southern blot analysis. The modified strain containing the pD3 vector inserted into the Histoplasma chromosome was named HcD3.
Heat shock gene expression in H. capsulatum. Expression of the H. capsulatum Hsp70 gene was determined in the highly virulent G217B strain and in the modified HcD3 strain as described previously (4) .
Murine macrophage infection with H. capsulatum strains. M⌽ were obtained from hematopoietic stem cells aseptically harvested from tibial bone marrow of 42-day-old male CD-1 mice and selected in Iscove's modified Dulbecco's medium (IMDM; Gibco-BRL) supplemented with 10% fetal calf serum (FCS) and 30% of the conditioned LB6 cell supernatant, as a source of macrophage colonystimulating factor (M-CSF). Aliquots of bone marrow-derived cells (approximately 2.0 ϫ 10 7 cells) were dispensed into 750-ml Falcon tissue culture flasks (growth surface, 175 cm 2 ) and placed at 37°C in a humidified atmosphere containing 5% CO 2 to allow M⌽ to adhere. After 24 h, IMDM containing nonadhered cells was removed and replaced with fresh medium. Aliquots of M⌽ from 7-day cultures were transferred to IMDM supplemented with 10% FCS and then plated on 13-mm glass coverslips (thickness 1) in 24-well tissue culture plates overnight (o.n.). Yeast phase cells were grown at 34°C prior to the infection. Logarithmically growing cells of H. capsulatum G217B wild-type and HcD3 strains were collected by centrifugation at 3,200 ϫ g for 10 min, added to the 7-day culture M⌽ monolayer (90% confluent growth with approximately 7 ϫ 10 6 M⌽ per flask) at a multiplicity of infection (MOI) of 10:1, and incubated at 37°C in 5% CO 2 . Adherence to and ingestion by M⌽ of yeast cells were evaluated using phase-contrast and Nomarski optics in a Zeiss Axioskop microscope with high-numerical-aperture objective lenses (Zeiss Corp) and by serial dilution plating of fungi recovered after M⌽ lysis.
Mouse model of infection of H. capsulatum. BALB/c ϫ CD-1 mice were injected with the yeast form of the highly virulent G217B strain or the genetically modified HcD3 H. capsulatum strain at a concentration between 1 ϫ 10 6 and 5 ϫ 10 7 cells/mouse as described previously (20) . Mouse survival was monitored up to 2 months. Mice that survived the infection with the highest concentration of H. capsulatum HcD3 strain were challenged with a lethal dose (5 ϫ 10 7 cells/mouse) of the virulent H. capsulatum G217B strain.
RESULTS

Effect of constitutive expression of ⌬
9 -desaturase on Histoplasma growth. The G217B and HcD3 H. capsulatum strains (the latter is a G217B mutant strain carrying an extra copy of its own ⌬ 9 -desaturase gene under the transcriptional control of the upregulated Downs ⌬ 9 -desaturase promoter) were grown at 34 and 37°C, and their growth rates were monitored up to 30 h. Growth rates of both strains were similar at 30°and 34°C, with a doubling time of about 7.0 h (data not shown). Growth rates of the G217B and HcD3 strains of H. capsulatum were comparable also at 37°C (Fig. 1) . Hsp70 gene expression in the H. capsulatum HcD3 strain. The yeast forms of the highly virulent H. capsulatum G217B and of HcD3 strains were grown at 34°and 37°C to mid-log phase and then heat shocked for 30 min at different temperatures. Total RNA was purified and immediately processed for Northern blot analysis. The Hsp70 gene was highly expressed in H. capsulatum G217B (from 34°to 37°C, from 34°to 42°C, and from 37°to 42°C), whereas in strain HcD3 Hsp70 transcription was detectable only from 34°to 42°C (Fig. 2) . Previ- ously, we have shown that Hsp70 and Hsp82 transcription was altered in the H. capsulatum G217B strain when cultures were treated by the addition of oleic acid (UFA) or BA, which increased membrane fluidity (4).
H. capsulatum M⌽ infection. H. capsulatum G217B and HcD3 strains grown at 34°C were used to infect M⌽. Yeast phase cells were added to a M⌽ monolayer at 37°C, and infection proceeded for different lengths of time at an MOI of 10:1. Internalization and quantification of yeast cells inside M⌽ were evaluated using phase-contrast and Nomarski optics with a Zeiss Axioskop microscope (Fig. 3A) . We incubated the fungal cells at 34°C prior to infection and then transferred them to 37°C so that cells could experience a heat shock. Though H. capsulatum HcD3 was internalized inside M⌽, no fungal growth was detectable at 8.0 h after infection (Fig. 3B) , very likely because of an altered MPS and impaired heat shock response (Fig. 2) .
Mouse infection. In Histoplasma the standard concentration of yeast cells injected to study the effects of drugs or vaccine particles is 1 ϫ 10 7 , which kills all mice in about 3 weeks. Increasingly high concentrations of yeast phase cells of the virulent G217B or of the genetically modified HcD3 H. capsulatum strain (10 6 , 10 7 , and 5 ϫ 10 7 ) were injected intravenously into CD-1 mice (10/group). Survival of infected mice was monitored daily. Mice infected with 10 6 yeast cells of the virulent H. capsulatum strain died within 40 days, whereas all mice infected with the same dose of the HcD3 strain survived (Fig.  4A) . At a dose of 10 7 yeast cells all mice infected with the virulent strain of H. capsulatum died after 23 days, whereas all mice infected with the modified HcD3 strain survived up to 30 days after infection (Fig. 4B ). Mice infected with the killing dose of yeast cells of the virulent G217B strain (5 ϫ 10 7 ) died within 6 days, while 7 out of 10 mice infected with the same inoculum of the modified HcD3 strain survived up to 45 days after infection (Fig. 4C) . After 40 days from the initial infection with the HcD3 strain, the surviving mice were challenged Figure 4D shows that 20 days (60 days from the initial infection) after infection six mice of the initial group still survived.
DISCUSSION
H. capsulatum is the most common cause of invasive fungal pulmonary disease worldwide (27) . Fungal infections have increased tremendously in the past 20 years because of the AIDS epidemic (12) . Available antifungal drugs are only fungistatic, and vaccines against fungal pathogens are badly needed but are not yet available.
Historically, vaccines against microbial pathogens have been based on the use of attenuated strains or on the injection of purified antigenic microbial proteins. One strategy to develop new vaccines is the use of live attenuated strains (5). These procedures have accomplished a striking reduction of infection and diseases. Purification of microbial components and molecular biology techniques improved our knowledge of the immune system and of the mechanisms of virulence of pathogens, allowing the production of attenuated mutants, the expression of vaccine proteins in live vectors, the purification and synthesis of microbial antigens, and the induction of immune responses through nucleic acids, proteins, and polysaccharides (8, 22, 25, 30, 37) .
Some of the classical methods to obtain vaccines are based on the use of attenuated strains or on the injection of one or a few antigens that stimulate an immune response. The first vaccines using purified antigens were developed against pathogens with little antigenic variability that resulted in life immunity to further exposure to the same pathogen. Eventually, problems emerged in trying to develop vaccines against bacteria with a high level of antigenic variability. For example, vaccines were developed by inducing antibodies that recognize the capsular polysaccharide (CPS). In spite of the problem of antigenic variability, successful vaccines were developed, e.g., for Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis. However, these pathogens have highly variable capsular serotypes, and there is rarely cross-protection between serotypes. Further, strains can shift in serotype, and novel serotypes can develop. Thus, for CPS-based vaccines, capsule diversity still needs to be tested continuously (41) . In general, this results in the low efficacy of these vaccines since the natural mechanisms of protection against infective agents consist of a complex response against the entire microorganism and combined antigens. Further, vaccines comprised of infective attenuated particles, obtained by a thermal or chemical treatment, may contain denatured antigens that do not induce the appropriate immunological response. New strategies using multivalent vaccines are also being employed and are beginning to be successful against these more difficult pathogens. However, novel approaches to the design of vaccines need to be based on antigens that are not under immune pressure during infection. A successful acellular vaccine against Bordetella pertussis based on the identification of major virulence factors has been produced (35) . Further, a vaccine containing three important virulence factors that confer protection against intragastric Helicobacter pylori is being tested in humans (41) . More recently, the possibility of sequencing entire genomes and the use of bioinformatics have led to the opportunity to identify genes coding for specific antigens (24) . However, though these very powerful techniques are providing important data on potential antigens to be used in vaccines, they still rely on data to be generated on each single microorganism, and results cannot be generalized to other pathogens. With respect to fungal pathogens, sequences of entire genomes are available only for Candida albicans, Cryptococcus neoformans, and Aspergillus fumigatus, and information on virulence factors is far from being exhaustive.
There is ample evidence that HSPs have been implicated in the stimulation and generation of both innate and adaptive immunity in a wide variety of microorganisms, eliciting humoral responses during natural infection with various pathogens. Anti-HSP70 antibodies have been detected in a significant number of patients with chronic parasitosis such as schistosomiasis, malaria, and leishmaniasis. In addition HSP70 of Plasmodium falciparum, Schistosoma mansoni, H. capsulatum, and Mycobacterium spp. have also been shown to induce a cell-mediated immune response (2, 20) . A putative role for HSP90 in immunity has also been proposed (20) . However, vaccination with a recombinant protein does not protect mice against a sublethal challenge with virulent strains. Thus, while HSPs do have antigenic properties, they do not mediate protection. Many questions therefore remain unanswered about the role of HSPs in adaptive immunity.
Our approach, in contrast, is based on the manipulation of the heat shock response to reduce the synthesis of HSPs, rather than stimulate an increase of HSP accumulation, to produce a strain hampered in the process of stress adaptation. We have modified H. capsulatum with a gene involved in the regulation of the MPS, causing impairment of the pathogen's stress response that resulted in a parallel failure of the pathogen to survive within murine M⌽ (as shown in Salmonella in the accompanying paper [34] ) and to cause disease in a mouse model of infection. Further, the genetically modified attenuated H. capsulatum strain induced protection in mice after subsequent challenge with a highly virulent strain.
We along with other authors have shown that synthesis of HSPs is controlled by abrupt local variations of a number of factors that include membrane lipid composition, membrane lipid-protein interactions, membrane lipid dynamics (MPS modification), and physical reorganization of lipids (3, 38, 39, 42, (45) (46) (47) . Stubbs and Slater (40) have proposed that perturbation of membrane lipid-protein interactions (coupled with curvature stress, causing unfavorable packing of nonlamellaforming lipids) induces nonlamellar H II lipid phases and altered signal transduction pathways. We have shown that the specificity of gene expression is obtained by the uneven distribution of these membrane domains that precisely sense biological and physical environmental regulating signals and different forms of stresses (44) .
It is well known that the lack of expression of HSPs has profound effects on all organismal growth and during the embryogenesis of higher organisms (a stage in the life cycle of Metazoa or plants when specific genes are highly coregulated and transcribed) (31) . Though in all organisms heat shock genes are highly transcribed under stress conditions, there are specific stages in the embryogenesis of Metazoa (e.g., the Drosophila pupae) during which, under stress conditions, heat shock genes are poorly transcribed, and accumulation of HSPs does not occur, generating phenocopies (morphologically altered individuals but with identical genotypes). Goldschmidt (10) originally described the emergence of phenocopies in Drosophila. Later, Mitchell and Lipps (23) associated this phenomenon with the lack of HSP synthesis. Petersen and Mitchell demonstrated that induction of thermotolerance under nonlethal heat shock conditions prevents the appearance of phenocopies (32) . Thermotolerance is a well-known phenomenon associated with synthesis of HSPs at moderate temperatures that allow the cell and the whole organism to tolerate subsequent, higher stress conditions (15, 16, 28, 29, 33) . Different types of embryological defects have been described in other organisms depending on the exact timing of the stress (6, 10, 31) . All of these defects induced by heat can be prevented by inducing thermotolerance (31) . Furthermore, Waddington (48) obtained phenocopies of Drosophila when embryos were exposed to ether (a membrane fluidizer like BA), which is now known to interfere with the MPS, an effect that has been shown to be strictly involved in the induction of the heat shock response (44, 45) .
The regularity with which these defects emerge under stressful conditions during embryogenesis of Metazoa and plants across different taxa suggests that HSPs may play a rather general role in the proper expression of developmentally regulated genes (21) . These findings suggest that, since these genes and the transcription factors involved are different and evolutionarily distant, the effect of HSPs (which are highly conserved in sequence and functions) is stochastic and not protein specific. It is likely that among other effects, an insufficient amount of HSPs also provokes the improper folding of regulatory proteins that control, during embryogenesis, the correct expression of highly transcribed developmentally regulated genes.
We have assumed that developmentally regulated genes of Metazoa and the virulence genes of pathogens may represent groups of sequences that may be dependent for their expression on the proper levels of HSPs under stress conditions. At the onset of infection, the pathogen's genome undergoes a stage of simultaneous transcriptional regulation of heat shock and virulence genes. We postulated that since the appearance of phenocopies in higher organisms is due to a stochastic effect of HSPs on highly transcribed gene products, a similar situation could occur in pathogens when they invade a host. Thus, the possibility to manipulate the heat shock response could be used as a tool to obtain strains altered in the expression of genes involved in adaptation and virulence, thus generating a strain altered in its phenotype (a temperature-sensitive nonvirulent strain), similar to the phenocopies described in higher organisms.
Intracellular pathogens at the onset of infection induce a genetic response that includes in addition to the transcriptional activation of stress genes other species-specific genes, broadly defined as virulence genes. The latter class of gene products, which are directly involved in the mechanisms of invasion/ adaptation, operate in a coordinate fashion and are responsible for the capacity of the pathogen to invade, replicate, and induce disease in the host (11, 43) . Thus, expression of stress genes and those involved in virulence is temporarily associated and genetically coordinated in their tempo of transcription (11) . However, the details of the regulation of virulence genes and how they coordinately act have not been elucidated yet.
We suggest that inhibition of HSP accumulation (through changes in the MPS of the pathogen) might interfere with the process of adaptation, invasion, and disease in microbial pathogens, thus generating an attenuated form of a pathogen. In Histoplasma the standard concentration of yeast cells injected to study the effects of drugs or vaccine particles is between 1 ϫ 10 6 and 1 ϫ 10 7 that kills mice in about 3 weeks. We also used a concentration five times higher (5 ϫ 10 7 ) that kills all mice in less than a week. This concentration of yeast cells is higher than a mouse would receive in natural environment. CD-1 mice were injected with increasing lethal concentrations of yeast cells (10 6 and 10 7 ) or with the same concentration of the modified HcD3 strain. Mice that were given the highly virulent strain died between 23 and 35 days, while those receiving the HcD3 strain survived up to 40 days. Further, when virulent H. capsulatum yeast cells at the extremely high concentration of 5 ϫ 10 7 yeast cells were injected, all mice died within 6 days, while after 45 days 70% of the mice injected with the HcD3 strain still survived. The latter group of surviving mice was then challenged with a lethal dose of 5 ϫ 10 7 virulent G217B yeast cells. After 20 days, more than 60% of mice were still alive, suggesting that the initial inoculation with the attenuated HcD3 strain conferred protection from the subsequent challenge with the virulent strain. It should also be pointed out that when mice were injected with a standard number of virulent yeast cells (10 6 or 10 7 ), all mice died between 35 and 22 days, respectively, while all mice injected with the modified strain survived after 40 and 30 days, respectively.
We have shown that it is possible to obtain with a single genetic modification a new procedure to produce an attenuated strain from an otherwise highly virulent pathogen by repressing the heat shock response. Though the mechanism by which a broad reduction in the levels of HSPs is linked to pathogenicity is not clear yet, it is intriguing to suggest that this might be due to the reduced capacity of the genetically modified bacteria to fold proteins properly under stress conditions (at the onset of infection). Among other proteins, regulatory proteins involved in the appropriate timing of expression of virulence genes synthesized during early stages of infection may be strongly and stochastically affected by the reduced amount of chaperones (HSPs). This, in turn, may alter the proper pattern of expression of virulence genes. This might explain why evolutionarily distant pathogens such as Salmonella and H. capsulatum are both attenuated in their capacity to infect macrophage cells or mice (in Histoplasma) though they belong to two different biological domains possessing major differences in the mechanism of virulence and in the DNA sequences involved. To address this key question, we have initiated a separate microarray study to determine potential changes in the pattern of expression of virulence (and other) genes in wild-type and genetically modified pathogens.
Since the modified H. capsulatum strain induces protection, it is reasonable to suggest that the overall antigenic profile of H. capsulatum may be unaffected or only slightly affected, thus presenting a full antigenic repertoire to the host immune system, while the capacity to express virulence genes might be severely hampered under stress conditions. This methodology has a major advantage over other techniques of attenuation VOL. 192, 2010 HSP RESPONSE AND ATTENUATION OF VIRULENCE 2003
on June 29, 2017 by guest http://jb.asm.org/ since it does not require the identification of species-specific genes and development of a particular genetic procedure for each pathogen. Our method is, in contrast, based on a phenomenon shared by all organisms, the control of the heat shock response via modification of the MPS, that we and other authors have extensively shown to be analogous in both prokaryotic and eukaryotic cells. Thus, it may be possible that this procedure to obtain attenuation of virulence might be applied to other very important intracellular pathogens, such as mycobacteria, staphylococci, streptococci, and parasites. While further studies are needed, this technique provides a new opportunity for the development of a new, safer, and more effective class of attenuated strains for human and animal use.
